Intralaminar fracture toughness of a fibre-reinforced angle ply and cross ply laminates are generally obtained by testing compact tension specimen and theoretically predicted using the well-known MCCI approach. The crack initiation direction, which is treated as a branch direction for the theoretical prediction, is an apriori. A conservative estimation on the toughness value obtained by considering branch crack angle corresponding to each fibre orientation in a laminate shows a gross error with respect to test data. In the present study a new criterion for the prediction of crack initiation angle is arrived at based on Tsai-Hill minimum strain energy density criterion. This shows a very good agreement with test data available in literature on fracture toughness of various multilayered composites with large size cracks with a/w ³ 0.3. It is interesting to note that in a multilayered composite a simple method of prediction in which crack initiation direction is assumed to be the fibre orientation that is close to the initial crack direction gives a good estimation of the intralaminar fracture toughness.
INTRODUCTION
The fracture toughness of composites depends on fibre and matrix properties as well as lay-up. In a unidirectional laminate with crack direction perpendicular to the load, crack propagation depends on the fibre orientation ( Fig.1) . Intralaminar fracture toughness is experimentally evaluated using compact tension specimen [1] [2] [3] [4] . Parhiszar et al. observed from the test that when the fibre orientation was parallel to the initial crack direction (normal to the load), propagation was self similar and when the fibre orientation was at angle a with the crack direction ( Fig.1) , then the propagation was almost parallel to the fibre orientation without any fibre breakage [1] . However, in the case of a cross -ply laminate fibre breakage is inevitable [3] . The onset of crack propagation was observed from the tests carried out on carbon-epoxy laminates, as variation of displacement w.r.t load was linear. Moreover, the theoretical prediction for the toughness value assuming failure load as fracture load showed a close agreement with the test data on fracture toughness value [3] . A thorough investigation was carried out by Poe [5] on the evaluation and prediction of intralaminar fracture toughness of multilayered laminate. It was reported that in a multilayered composite there could exist as many number of crack tip splits as the number of layers (Fig.2) . In fibre reinforced multidirectional laminate the damage is progressive in nature and does not grow as single crack in self similar manner. Multiple matrix cracking occurs in various plies along the fibre direction that reduces the stress intensity factor at the tip of the central notch, delaying fracture and increasing ultimate failure stress. In general, the stress for damage initiation may be much lower than the ultimate failure stress.
The well-known MCCI approach is used to predict the mode I and mode II strain energy release rates and its critical values can be related to fracture toughness [6, 7] . Zhang and Tsai based on the distortional strain energy theory showed that the crack initiates or propagates in a radial direction along which strain energy density is minimum [8] . In the case of angle ply laminates,
a is the fibre orientation w.r.t the initial crack d i r e c t i o n (perpendicular to the load). Jose et al treated the crack initiation angle (q c ) as a small branch crack in the estimation of strain energy release rates using MCCI approach [3, 4] and established a very good agreement between test and prediction of intralaminar fracture toughness. Therefore in the MCCI approach, branch crack angle is an apriori. For an angle ply laminate when the branch crack direction was assumed to be parallel to the fibre direction in the finite element model instead of crack initiation angle for the evaluation of strain energy release rate, the difference in the predicted toughness values was only up to 5 % [5] . In the case of multilayered composite due to the crack tip splitting there are as many number of crack initiation angle as the number of layers. Therefore in the finite element model to evaluate the strain energy release rate one has to develop a criterion to arrive at a unique branch crack angle that is to be considered in the analysis. As a conservative approach one may go for the evaluation of fracture toughness by considering q c = a i (i = 1,2, ..n, where n is the number of layers) and the lowest value of toughness is taken for the prediction of residual strength of the composite structure. As on today there is no criterion available in literature to arrive at the branch crack angle.
The aim of the present work is to arrive at a criterion for the prediction of crack initiation angle and to validate the fracture toughness evaluation technique based on MCCI for a set of multilayered T300 carbon epoxy (5208) laminate for which failure loads are available in literature [5] . Also arrive at any simple technique for a theoretical prediction of fracture toughness of multilayered composite with a central crack.
FINITE ELEMENT MODEL WITH BRANCH CRACK
Eight-node quadratic quadrilateral layered plate/ shell element with three translations and three rotations as degrees of freedom available in NISA is considered for the evaluation of mode-I and mode-II strain energy release rates. The failure stress for each laminate reported in Ref. 5 as given inTable-1 is applied as a far field stress (Fig.3) .
A fixed boundary condition is applied at the bottom of the model (OA, Fig.3 ). Half symmetry 
of the plate with a width of 50 mm and height of around ten times the maximum semi crack length of 25.4 mm is considered for the finite element model. Depending up on the crack initiation angle for each laminate given in Table 2 , branch crack orientation is taken in the model whose length is around 1/20 of the full crack size (Fig.3) . For convenience, branch crack length is considered as same for all the four types of crack sizes for a given laminate. Using the relationship between the crack tip displacements and nodal forces, mode -I and II strain energy release rates are obtained as described in Ref. [6 7 ].
Material Properties of T300/5208
Unidirectional Carbon-epoxy laminate E x =129 GPa, E y =10.9 GPa, õ xy= 0.312 and G xy = 5.65 GPa.
Where E x , E y , G xy and õ xy are the Youngs moduli, shear modulus and Poissons ratio respectively.
2.2
Relationship between Strain EnergyRelease Rate and Fracture Toughness For a homogenous orthotropic material with the crack parallel to a plane of symmetry, the relation between strain energy release rate and stress intensity factor can be written as given by Sih, Paris and Irwin [8] . It may be noted that for failure load the stress intensity factor corresponds to fracture toughness.
( 1) where LM D are the elements of the compliance ma-
. Then using Eqn. (1), fracture toughness of each laminate is predicted (note that the applied far field stress is the failure stress). The failure stress is assumed as the critical stress at which damage initiates from the central notch as on set of fracture. Also the strain energy associated with fibre splitting and delamination (inter-laminar cracking between neighbouring plies) are assumed to be small.
DETERMINATION OF CRACK INITIATION DIRECTION
Zhang and Tsai [9] proposed the famous TsaiHill failure criterion (extended) for predicting the crack propagation direction based on the distortional energy of the materials. The Tsai-Hill distortional strain energy S TH is given as follows: (2) s 1 ,s 2 and t 12 are the direct and shear stresses with respect to the fibre direction and transverse to it while X,Y and S are the respectively the tensile and shear strengths.
In the case of multidirectional laminate under tension, stresses in each layer are different. These stresses can be computed using classical laminate theory. The minimum distortional strain energy Table 1 : Fracture data on strength and fracture toughness of T300/5208 carbon-epoxy laminates [5] density given in Eqn. (2) corresponding to each layer, the direction that is close to the original crack is assumed as the crack initiation direction that is taken in the analysis as branch crack direction.
RESULTS AND DISCUSSION
In the present study based on the average value of tested fracture loads (Table 1) , analysis is carried out and the critical strain energy release rate and hence the fracture toughness using Eqn. (1) are obtained. It may be noted from Table- 1 that the standard deviation of the bigger crack size of 50.8 mm is less as anticipated when compared to other size cracks and it is within 6%( except for [0/90] 2s ) of the mean value. Hence initially discussion on the prediction of fracture toughness of multilayered composite with 50.8 mm crack is done. This is because on set of fracture assumed in the analysis may be more closer to 50.8 mm size crack than the smaller crack size specimens. It may be noted from the Table-1 ). For all other types of laminates the deviation is found to be 0.5 % to 5.9 %. For the three different crack lengths such comparison of prediction with test data on fracture toughness are given in Table 4 . It can be noted that the deviation in prediction with test increases with decrease in crack size. The variation in prediction varies from 0.5 % to 16.5 % for the 30.5 mm crack size to 1 % to 22% for the crack size of 20.3 mm and 1.8 % to 34% for the smallest crack size of 10.2 mm in the 100 mm width plate. One of the possible reasons for such deviation from the test data is that the onset of fracture assumed in the analysis violates the actual failure behaviour of the laminates. In other words, laminates with smaller crack size (10.2 mm) may take more load than the biggest crack size of 50.8 mm beyond the initial fracture load. This is the reason why for all the laminates with 10.2 mm crack size, test data on toughness is consistently higher than the prediction. 
Results based on the New Criterion

Results based on the
Results based on A Simple Method
In a multilayered composite with an initial crack normal to the load direction, the fracture toughness for the failure load can be predicted using a simple technique assuming branch crack angle in MCCI same as the fibre angle close to the initial crack direction. Such a prediction shows a good agreement for the all the laminates considered within 1.7 % to 14.5 % (Table 3) when compared to the test data.
It may also be noted that the good agreement in fracture toughness prediction with test data available in literature (for a/w³0.3) shows that the strain energy associated with fibre splitting and delamination are negligibly small.
CONCLUSIONS
Theoretical prediction of intralaminar fracture toughness of multilayered composites corresponding to the available failure strength of various laminates using a new criterion based on Tsai-Hill strain energy density approach for the determination of crack initiation angle is compared with the test data. For crack size of a/ w of 0.5 for which scatter in the test data is minimum a very good agreement is established between the prediction and the test. An alternate conservative approach in which lowest value of fracture toughness has been compared with the test data has shown a gross error in the estimation of the toughness values. Finally a simple technique in which in a multilayered composite with an initial crack normal to the load direction, the fracture toughness for the failure load has been predicted with a reasonably good accuracy assuming branch crack angle in MCCI method same as the fibre angle close the initial crack direction.
